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HIGHLIGHTS

� DRGS at upper lumbar levels significantly reduces sympathetic nerve firing

� Reduction in sympathetic activity appears to be independent to pain relief

� DRGS significantly reduced BP at 6 months and 2 years

� BP reduction was lateralized to DRGS on the left side

� Three refractory hypertensives became normotensive after chronic stimulation.
SUMMARY
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This study hypothesized that dorsal root ganglion (DRG) stimulation would reduce sympathetic nerve activity

and would alter hemodynamic variables. This study directly recorded muscle sympathetic nerve activity during

ON and OFF stimulation of the DRG while measuring hemodynamic parameters. DRG stimulation significantly

reduced the firing frequency of sympathetic nerves, as well as significantly reducing blood pressure, with

greater reductions evident when stimulation was left-sided. Left-sided DRG stimulation lowers sympathetic

nerve activity, leading to long-term phenotypic changes. This raises the potential of DRG stimulation

being used to treat de novo autonomic disorders such as hypertension or heart failure.

(J Am Coll Cardiol Basic Trans Science 2020;5:973–85) © 2020 The Authors. Published by Elsevier on behalf of

the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
D orsal root ganglion stimulation (DRGS) is a
relatively new but promising treatment for
chronic pain (1). It involves the percuta-

neous placement of an electrode over the DRG via
an epidural approach that in turn is connected to a
subcutaneous pulse generator to provide continuous
electrical current. The DRG is a nerve swelling just
lateral to the spine that contains the axons and cell
bodies of afferent nerves such as pain-mediating C-fi-
bers and sympathetic neurons (Figure 1A). In chronic
pain, DRG neurons are hyperexcitable (2,3), and this
hyperexcitability is attenuated with DRGS (4), leading
to effective pain relief. Both somatic and autonomic
afferent pathways pass through the DRG to the dorsal
horn of the spinal cord. However, autonomic efferent
pathways differ from somatic ones in that, unlike the
direct connections from the ventral horn to skeletal
muscle, they involve a projection from the central
neuron to a peripheral ganglion (followed by a second
projection from that ganglion to an effector organ
such as vascular smooth muscle). In the case of sym-
pathetic efferents, the ganglia of note lie in the sym-
pathetic chain (or paravertebral ganglia) that are
ttest they are in compliance with human studies committe
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interconnected between spinal levels (Figure 1A).
These in turn project to pre-vertebral ganglia and
onto effector organs. For example, L1 to L3 sympa-
thetic efferents project to the lesser splanchnic
nerves that innervate distal colon and blood vessels
in skeletal muscle (5). The L1 (and lower thoracic)
sympathetic efferents provide direct projections
from the sympathetic chain to the adrenal glands
(with no intervening pre-vertebral ganglia) and can
influence blood pressure (BP) via circulating catechol-
amines (6). At the C8/T1 level, the sympathetic chain
is enlarged into the stellate ganglion, which sends
sympathetic efferents to the heart via the cardiac
nerves (7). Thus, effects of DRGS may differ between
levels, with some levels affecting cardiac activity
directly but others (i.e., lumbar) affecting other as-
pects of the cardiovascular system such as vascular
smooth muscle or the adrenal glands and acting via
hormonal changes (see Figure 2).

The relationship between the sympathetic and
pain fibers is complex. In a rat sciatic nerve injury
model of pain, it has been shown that coupling be-
tween sympathetic efferent and sensory afferents is
es and animal welfare regulations of the authors’
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, 2020, accepted July 27, 2020.

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://basictranslational.onlinejacc.org/content/instructions-authors


FIGURE 1 Recording MSNA During DRGS

(A) Schematic showing the relationship of the dorsal root ganglion (DRG) to the sympathetic chain and spinal cord. Dorsal root ganglion stimulation (DRGS) via the

implanted lead, lying over the dorsal DRG, may influence sympathetic neurons in the afferent pathways from the sympathetic ganglia. This in turn may either influence

efferent pathways via the ventral horn at the same segmental level or travel via propriospinal pathways to higher levels. (B) Mean voltage neurograms of muscle

sympathetic nerve activity (MSNA) (green traces) and spontaneous blood pressure (BP) recording (yellow traces) during left DRG L1 level OFF (upper) and ON (lower)

stimulation phases. The OFF trace shows a period of 1 min with heart rate 90 beats/min; MSNA burst frequency 39 and burst incidence 43, median relative burst

amplitude 40; systolic/diastolic BP 185/53 mm Hg. The ON trace shows a period of 1 min with heart rate 88 beats/min; MSNA burst frequency 32 and burst incidence

36, median relative burst amplitude 48; systolic/diastolic BP 161/71 mm Hg. Y ¼ axis voltage and mm Hg for MSNA and BP, respectively.
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increased, such that augmented sympathetic efferent
activity can increase (or decrease) sensory afferent
activity (8). Complex regional pain syndrome is
associated with a decrease in cutaneous sympathetic
vasoconstrictor neurons, although, paradoxically,
this may lead to increased sensitivity of nociceptors
to sympathetic catecholamines (9) and a “sympa-
thetic-maintained” pain (10). In other chronic pain
syndromes, there is evidence that sympathetic ac-
tivity is increased (11).

In our previous work, we demonstrated that elec-
trical stimulation in autonomic pathways in the brain,
using deep brain stimulation can be used to alter
cardiovascular functions (12–14). Here, we wanted to
investigate whether similar neuromodulation tech-
niques accessing peripheral nervous system path-
ways could be used for a similar effect. Figure 2 shows
a schematic of the possible interconnected network of
autonomic nerves and points at which it can be sur-
gically manipulated. We hypothesized that blocking
DRG activity with electrical stimulation would lead to
a reduction in sympathetic nerve activity, in addition
to its analgesic effect. This was based on our previous
findings as well as studies showing that reducing
peripheral efferent sympathetic activity (such as after
sympathectomy) attenuates the excitability of DRG
neurons (15), leading us to hypothesize that the
reverse is true. It has also been shown that blocking
nociception-related protein channels such as TRPV1
in the T8-L3 DRGs increases sympathetic nerve ac-
tivity and consequently BP (16). Based on these re-
sults, we also hypothesized that reduction in
sympathetic nerve activity would be associated with
changes in BP. To test these hypotheses, we
measured muscle sympathetic nerve activity (MSNA)
and hemodynamic parameters in a cohort of patients
undergoing DRGS for the treatment of chronic
neuropathic pain.

METHODS

DEMOGRAPHICS. Contiguous patients undergoing
DRGS system implantation were selected for this
study. The study conformed to the Declaration of
Helsinki and was approved by the Oxford Research
Ethics Committee C (Study reference 13SC0298).
Sixteen patients were recruited at University of Ox-
ford and successful MSNA recordings were obtained
in 14. Patients were selected for DRGS if they had
severe, refractory neuropathic pain of at least 2 years’



FIGURE 2 Role of the DRG in the Neural Control of the Cardiovascular System and Surgical Targets for Modulation

Schematic showing the autonomic control of hemodynamic and cardiovascular physiology from higher brain centers to end organs and their

feedback loops. This shows the location of the DRG in this network, and why disruption of autonomic neurons at this peripheral point may be

helpful in lowering blood pressure. The red numbered arrows show other points at which surgical intervention may be helpful in modulating

the system: 1) dorsal root ganglion (DRG) stimulation; 2) renal sympathetic denervation; 3) carotid sinus stimulation; 4) periaqueductal gray

(PAG) or pedunculopontine nucleus (PPN) deep brain stimulation. Adapted with permission from Green and Paterson (38). AHL ¼ anterior

hypothalamus; AP ¼ area postrema; CVLM ¼ caudal ventrolateral medulla; DMNV ¼ dorsal motor nucleus of the vagus;

IML ¼ intermediolateral cell column; LPBN ¼ lateral parabrachial nucleus; LHA ¼ lateral hypothalamic nucleus; NA ¼ nucleus ambiguus;

NTS ¼ nucleus of the tractus solitarius; PVN ¼ paraventricular nucleus of the hypothalamus; RVLM ¼ rostral ventrolateral medulla.

Sverrisdottir et al. J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 1 0 , 2 0 2 0

DRG Stimulation Reduces MSNA and BP O C T O B E R 2 0 2 0 : 9 7 3 – 8 5

976
duration and had failed treatment with at least 3
classes of analgesics. They all had focal pain, defined
as spanning no more than 3 dermatomes. The spinal
level that the DRG electrode was placed was
determined by the pre-operative pain area and
determination of the appropriate dermatome(s).
Contraindications for DRGS included opiate depen-
dence, untreated depression or low mood, cata-
strophization, ongoing litigation, and unrealistic
expectations, as these are all poor outcome prognos-
ticators. Mean age was 41 years (range 23 to 59 years),
and male-female ratio ¼ 7:7. See Table 1 for details
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including spinal levels stimulated and stimulation
parameters. Chronic BP measurements were made at
baseline and 6 months and 2 years post-operatively
(an average over 3 recordings on at least 2 occa-
sions). Drug doses were also recorded at baseline and
2 years.

DRG IMPLANTATION. The DRG stimulator was
implanted under local anesthetic with light sedation
(propofol) in the prone position. Using fluoroscopic
guidance, the delivery sheath was used to enter the
epidural space and a DRG Axium lead (Spinal Modu-
lation, Menlo Park, California) was introduced, under
x-ray guidance, into the appropriate nerve root exit
foramen, so that the electrode contacts were posi-
tioned over the dorsum of the DRG in the dorsal part
of the foramen (Figure 1A). Sedation was weaned and
the leads were tested for efficacy prior to resedation.
After anteroposterior and lateral x-rays had
confirmed satisfactory position, a strain-relief loop
was fashioned in the spinal canal, and the wires were
tunneled to an implantable pulse generator that was
placed subcutaneously remote from the spine.

MICRONEUROGRAPHY TECHNIQUE AND PROTOCOL.

Direct recordings of multiunit postganglionic sym-
pathetic nerve activity to the muscle vascular bed
(MSNA) were obtained with a tungsten microelec-
trode inserted into a muscle fascicle of the peroneal
nerve posterior to the fibular head. Patients were
tested between 3 and 6 months after internalization
of the DRGS system for treatment of their chronic
pain. The DRG system was set to ON (patient’s usual
settings for pain relief if they used subparesthesia
threshold or 90% of the amplitude required to pro-
duce paresthesias if they were used to cause pares-
thesias) or OFF at random, and 15 min were allowed
to elapse prior to MSNA recording. The examiner
(Y.B.S.) and the subject were blinded to the stimu-
lator setting, with use of subparaesthesia stimulation
amplitudes to aid blinding. MSNA was recorded for at
least 15 min (maximum 30 min) for each ON and OFF
stimulation phase with a 15-min washout period in
between phases. A 15-min recording period was
chosen as this allowed for natural variations in ac-
tivity but prevented loss of data from subjects
becoming intolerant of the procedure and increase in
pain with stimulation off. Visual analogue score of
pain (VAS) was measured during each recording
period (values were taken at the beginning, end, and
15 min into each recording and were then averaged).
Details of the nerve recording technique and criteria
for MSNA has been reported previously (17). A low
impedance reference electrode was inserted subcu-
taneously a few centimeters away from the tungsten
microelectrode. When a muscle nerve fascicle was
identified, small electrode adjustments were made
until a site was found at which spontaneous, pulse-
synchronous bursts of neural activity could be
recorded. The original nerve signal was amplified
with a gain of 50,000 and bandpass filtered (width
700 to 2,000 Hz) and then fed through an integrating
network with a time constant of 0.1 s to obtain a
mean voltage display of nerve activity. All recordings
were performed with the subject in a supine position.
Continuous arterial BP was measured noninvasively
using a finger plethysmograph (Finapres 2300,
Ohmeda, Louisville, Kentucky). Heart rate (HR) was
monitored via electrocardiography chest electrodes.
Signals were sampled at 200 Hz. The signals were
analyzed with the aid of custom-made software
computer scripts (using Matlab, MathWorks, Natick,
Massachusetts) before the data were unblinded. VAS
and noninvasive BP were also obtained at baseline
(within 4 weeks pre-operatively) and at 6 months and
2 years post-operatively. Noninvasive BP measure-
ments were an average of 3 recordings on at least 2
separate days.

STATISTICS AND SIGNALS ANALYSIS. Analyses of
sympathet ic nerve act iv i ty . A 5-minute resting
period during each ON-OFF stimulation phase was
chosen for analyses. Bursts of neural activity were
identified by analysis of the mean voltage neurogram,
aided by custom-made software computer scripts
(using Matlab) and quantified by their occurrence
over time (bursts per minute), expressed as burst
frequency (BF), or their incidence in association to
heart rate (bursts per 100 heartbeats), expressed as
burst incidence (BI). As a measure of the strength of a
sympathetic burst, its mean voltage amplitude was
also generated by the software. All of these measures
depend on a semiautomatic procedure where a com-
puter algorithm suggests bursts, which can be
accepted or rejected during manual scrutiny. Addi-
tional bursts can be manually inserted. The agree-
ment between automatic and manual assessment is
normally 80% to 90%.

The software calculates the start, maximum, and
endpoint for each individual sympathetic burst
separately, leaving measures of burst strength unaf-
fected by shifts in baseline of the neurogram. The
amplitude of the largest burst in each analyzed period
was set to 100% and the strength of all other burst
amplitudes then expressed in proportion to this
value. In this way, a relative burst amplitude spec-
trum was obtained and from it a median relative burst
amplitude (MRBA%) value was extracted and used for
statistical analysis (18).



TABLE 1 Study Demographics

Subject # Sex Age (yrs) Etiology Duration (yrs) Pre-/Post-Op VAS DRGS Level/Side

Stimulation Parameters

Current Pulse Width Frequency

1 M 53 Orchidectomy 12 10/4.5 L1 left 1.500 mA 340 ms 20 Hz

2 M 54 Herniorrhaphy 2 7/0 L1 left 1.330 mA 220 ms 20 Hz

3 F 38 Pelvic girdle pain 9 8.5/4 L1 left 0.950 ms 380 ms 20 Hz

4 M 24 Hip trauma 2 9.7/0.7 L2 left 2.700 mA 400 ms 20 Hz

5 M 40 Herniorrhaphy 3 9/2.5 L1, L2 right 2.300 mA 200 ms 20 Hz

6 F 59 Hysterectomy 5 7.6/0.5 L1 right 0.575 mA 240 ms 20 Hz

7 F 46 Meralgia paresthetica 9 10/5.0 L2 right 0.100 mA 300 ms 20 Hz

8 F 42 Shingles right foot 5 7/2.8 L4, L5 right 0.900 mA 220 ms 20 Hz

9 F 34 Foot trauma 14 7.5/2.5 L5 left 0.525 mA 300 ms 20 Hz

10 M 74 Diabetic neuropathy 4 5/1 L5 right and left 0.850 mA 300 ms 20 Hz

11 F 25 Left hand CRPS 4 9.5/2.0 C6 left 0.550 mA 300 ms 20 Hz

12 M 45 Nerve compression 4 6.3/2.2 C7, C8 right 0.300 mA 300 ms 20 Hz

13 F 23 Loin pain hematuria syndrome 4 7.5/2.5 T11 left 2.500 mA 190 ms 20 Hz

14 M 57 Knee surgery 3 7.5/1.5 L3 left and right 0.900 mA 200 ms 20 Hz

TABLE 1 Continued

Subject # Pre-Op BP Post-Op BP Drugs

Opioid Dosage
(as MME)

Other ConditionsPre Post

1 157/92 113/67 Gabapentin, amitriptyline, lisinopril 0 76 Hypertension, anxiety, depression

2 118/70 118/60 MST 140 36 Nil

3 140/92 140/80 MST, sevredol, amitriptyline 220 140 Nil

4 148/93 140/90 Duloxetine, tapentadol, gabapentin, meloxicam, MST 240 200 Hypertension, anxiety, depression

5 110/70 110/65 Pregabalin, codeine 36 0 Nil

6 110/56 105/60 Oxycodone, topiramate, nortriptyline, sertraline 180 36 Breast cancer (remission)

7 118/59 121/62 Gabapentin, MST, sertraline, paracetamol 50 40 Migraine

8 104/62 102/67 Tramadol, amitriptyline 45 20 Nil

9 120/80 115/60 Naproxen, tramadol 20 0 Nil

10 117/72 112/65 Amitriptyline, duloxetine, gabapentin, dothiepin,
losartan, topiramate, tramadol

40 0 NIDDM type 2, hypertension

11 101/67 95/54 Pregabalin, paracetamol, nortriptyline, tramadol 20 20 Nil

12 131/89 114/76 Tramadol, paracetamol, gabapentin 15 0 Nil

13 102/58 100/57 Oxycodone, naproxen 180 120 Nil

14 125/81 119/77 Ibuprofen, paracetamol, tramadol 40 10 Nil

BP ¼ blood pressure; CRPS ¼ complex regional pain syndrome; DRGS ¼ dorsal root ganglion stimulation; MME ¼ morphine milligram equivalent (i.e., total opioid dosage expressed as
equivalent morphine dosage); MST ¼ Morphine Sulphate; NIDDM ¼ non–insulin-dependent diabetes mellitus; VAS ¼ visual analogue score of pain.
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Assessment of ind iv idua l baroreflex sens i t iv i ty
d iagrams. The mean values for systolic blood pres-
sure (SBP) and diastolic blood pressure (DBP) and
cardiac interval were calculated by custom-made
computer scripts (using Matlab) and the respective
standard deviation was used as a measure of the
variability of pressure and cardiac interval.

Baroreflex sensitivity for BP was evaluated in a
linear regression analysis of individual sympathetic
burst amplitude versus the diastolic pressure during
the cardiac interval corresponding to the burst. The
sensitivity was defined as the slope of regression line
(Figure 3) (16).

STATISTICAL ANALYSIS. Parametric or nonpara-
metric analyses were performed depending on data
attributes and assessment by histogram or Shapiro–
Wilk testing. Analyses were adjusted to minimize
the risk of bias and influence on the results. All ana-
lyses were undertaken in SPSS version 24 (IBM Corp.,
Armonk, New York). Any p values <0.05 were
considered statistically significant. The following
specific analysis methods were used.

Does sympathet ic nerve act iv i ty change with
DRGS? Only the first measurement from the upper-
most DRG level was used if more than 1 DRG lead was
present. This reduced the influence of positive or
negative selection bias from individuals who had
differential responses at different levels or subse-
quent recordings. Only the lumbar DRG levels were
included because there were only 2 subjects with



FIGURE 3 Baroreflex Sensitivity for BP ON and OFF Stimulation

Baroreflex sensitivity for blood pressure (BP) was evaluated in a linear regression analysis of individual sympathetic burst amplitude (x-axis) versus the diastolic

pressure (y-axis) during the cardiac interval corresponding to the sympathetic burst. The sensitivity was defined as the slope of regression line. The left panel

corresponds to the OFF trace (r ¼ �0.159 � 0.138 [95% confidence interval]; p ¼ 0.027), and the right panel corresponds to the ON trace (r ¼ �0.275 � 0.261

[95% confidence interval]; p ¼ 0.049).

J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 5 , N O . 1 0 , 2 0 2 0 Sverrisdottir et al.
O C T O B E R 2 0 2 0 : 9 7 3 – 8 5 DRG Stimulation Reduces MSNA and BP

979
cervical levels and the mechanisms are potentially
different (see introduction).
Do any ident ified sympathet i c nerve changes
re lated to DRGS cor re la te with acute pa in
percept ion changes? Any patient and all levels
were included regardless of DRG level or side. Our
rationale for including all levels in this analysis is that
pain is multilevel and limiting it to a single level in-
creases the risk of a false-negative result. Only the
first MSNA measurement was taken for each DRG lead
to reduce the risk of repeat bias. The differences be-
tween the sympathetic ON-OFF measures for each
DRG level were taken and then correlated with ON-
OFF VAS differences.
I s DRG on 1 s ide more ef fect ive at changing
sympathet i c measures than another? Only those
patients with a unilateral DRG lead were included and
only the first MSNA measurement was taken. The
6-month and 2-year differences among SBP, diastolic
blood pressure DBP, and mean arterial pressure
(MAP) were compared.

RESULTS

MSNA recordings were obtained in 14 of 16 subjects
(see Table 1). The spinal level of DRG electrode
placement was determined by the pre-operative pain
area and determination of the appropriate derma-
tome(s). Two subjects (#10 and #14) had bilateral
implants, and 1 of these had testing with unilateral
stimulation and the other with bilateral stimulation.
The variable duration of return of pain and/or pain
relief with stimulator adjustment between patients
allowed comparison of stimulation with and without
pain relief. Figure 1B shows a representative MSNA
recording.

MSNA AND HEMODYNAMIC PARAMETERS. Mean
MSNA BF was reduced by 13.3% with DRGS (p < 0.001)
(Figure 4A, Table 2). The reduction in MSNA BF ten-
ded to be greater with left sided stimulation than
right (16.3% left vs. 12.9% right), although the dif-
ference between left and right was not significantly
different (Mann–Whitney U test; p > 0.05), possibly
due to small sample size. MSNA BI was reduced by
11.8% (p ¼ 0.011). The median burst amplitude of
sympathetic outflow (MRBA%) in any given recording
period showed no significant changes between OFF
and ON stimulation phases (Figure 4B), although, on
the right side, variability was markedly increased
with stimulation (MRBA% change between OFF and
ON stimulation ranged between �31.9% and þ20% on
the left and �41.7% and þ104% on right). HR did not
change between conditions (Wilcoxon signed rank
test; p ¼ 0.163).

Baroreceptor sensitivity for BP was not altered by
DRGS (Table 2). In general, for an individual subject, if
baroreflex sensitivity was significant with DRG ON
stimulation phase, it remained so for DRG OFF stim-
ulation phase and vice versa (Figure 3).



FIGURE 4 Effects of Stimulation on MSNA and BP

(A) Burst frequency (bursts/min) of MSNA ON and OFF DRG stimulation. Stimulation significantly reduced burst frequency indicating lower sympathetic activity.

***p < 0.001. 2-tailed Student’s t-test, n ¼ 14. (B) Median relative burst amplitude ON and OFF DRG stimulation. DRG stimulation did not significantly alter median

relative burst amplitude (p ¼ 0.119), 2-tailed Student’s t-test, n ¼ 14. (C) Scatter plot of pain change (using visual analogue score of pain) and changes in MSNA burst

frequency, with groupings depicting the 4 possible outcomes. No particular pain change was associated with either an increase or decrease in burst frequency. Note

that these were visual analogue scores of pain during acute testing and do not represent long-term outcomes. (D) Changes in BP among baseline (pre-operative) and

at 6 months (green) and at 2 years (red). There was a significant reduction in BP parameters at 6 months (except systolic blood pressure [SBP]), which was maintained

at 2 years; this finding was seen in left-sided stimulation only. *p < 0.05. CI ¼ confidence interval; DBP ¼ diastolic blood pressure; MAP ¼ mean arterial pressure;

other abbreviations as in Figure 1.
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RELATIONSHIP BETWEEN MSNA CHANGES AND

PAIN RELIEF. We observed 5 recordings in which
MSNA changed but VAS remained constant between
the ON and OFF stimulation phases, despite satis-
factory analgesic effects of chronic stimulation
(Figure 4C). However, the variation in VAS response
allowed us to test the hypothesis that the 2 variables
are independent. A Spearman correlation analysis
was performed looking at the differences produced
between the ON and OFF conditions correlating
sympathetic parameters (BF, BI, MRBA%, HR) and
VAS change. We found that not only were all corre-
lations poor between VAS change and sympathetic
parameters, but they were all nonsignificant.



TABLE 2 MSNA Characteristics ON and OFF DRGS

Subject # Level/Side Tested

DRGS ON DRGS OFF

HR

MSNA

BRS/DBP BP (mm Hg) VAS HR

MSNA

BRS/DBP BP (mm Hg) VASBF/BI MRBA% BF/BI MRBA%

1 L1 left 88 32/36 48 �0.28 � 0.261 161/71 0 90 39/43 40 �0.16 � 0.138 185/53 0

2 L1 left 65 34/53 48 0.07 � 0.452 207/112 0 67 39/58 52 — — 0

3 L1 left 62 21/34 40 �0.02 � 0.265 153/63 4 61 28/44 44 �0.04 � 0.249 142/59 7

4 L2 left 83 20/23 33 �0.18 � 0.295 150/65 1 92 31/34 47 �0.25 � 0.243 226/91 6

5 L1 right 65 34/52 46 �0.05 � 0.126 128/72 0 64 40/62 43 �0.08 � 0.123 117/66 0

L2 right 60 36/61 41 �0.11 � 0.124 129/70 0 62 41/66 42 �0.17 � 0.120 119/64 0

6 L1 right 81 21/26 55 0.06 � 0.299 204/135 0.5 82 23/29 50 �0.05 � 0.373 168/115 3

7 L2 right 56 17/30 36 �0.023 � 0.338 151/79 5 58 15/26 31 �0.04 � 0.411 154/77 7

8 L4 right 35 18/52 47 — — 6 55 31/58 23 — — 7

L5 right 41 14/34 29 — — 0 37 17/47 32 — — 5

9 L5 left 78 29/37 44 �0.23 � 0.293 162/102 0 82 34/42 37 �0.3 � 0.296 164/102 0

10 L5 right 64 25/39 34 �0.108 � 0.284 120/62 0 62 28/45 36 �0.077 � 0.269 116/66 0

11 C6 left 80 34/42 36 — — 2 80 40/50 37 — — 6

12 C7 right 70 21/31 47 — — 0 67 18/27 42 — — 0

C8 right 74 22/30 42 — — 0 69 26/38 44 — — 0

13 T11 left 64 17/26 53 0.06 � 0.347 160/83 5 62 18/30 56 �0.17 � 0.24 125/64 7

14 L3 left þ right 82 18/22 25 — 181/76 7.5 81 16/20 25 — 185/84 3

Results are presented as Spearman correlations with 95% confidence intervals. VAS is on a scale of 0 to 10.

BF ¼ burst frequency; BI ¼ burst incidence; BRS ¼ baroreflex sensitivity; C ¼ cervical; DBP ¼ diastolic blood pressure; DRGS ¼ dorsal root ganglion stimulation; HR ¼ heart rate; L ¼ lumbar;
MRBA% ¼ median relative burst amplitude; MSNA ¼ muscle sympathetic nerve activity; T ¼ thoracic; other abbreviations as in Table 1.
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CHRONIC BP CHANGES. To look for phenotypic
changes, we analyzed long-term BP at baseline and at
6-month and at 2-year follow-up. We found that BP
was significantly reduced at 6 months, and that this
reduction was maintained at 2 years following sur-
gery, but this was only the case for left-sided DRG
implantation (Figure 4D).

When comparing the change in 2-year BP from
baseline, for left-sided versus right-sided DRGS, there
was a significant difference in all 3 BP parameters
(SBP: left-side: �17.9 � 16.9 mm Hg, right-side: �1.8 �
4.0 mm Hg; p ¼ 0.033; DBP: left-side: �10.8 �
12.8 mm Hg, right-side: 3.0 � 8.5 mm Hg; p ¼ 0.033;
MAP: left-side: �13.1 � 14.0 mm Hg, right-side: 1.4 �
5.8 mm Hg; p ¼ 0.025; all Student’s t-test), showing
that left-sided DRGS affects BP more than right-sided
DRGS.

The BP reduction achieved by left-sided DRGS is
shown by comparison of baseline BP and 2-year BP:
MAP was reduced by 13.1 � 14.0 mm Hg; p ¼ 0.033;
SBP was reduced by 17.9 � 17.0 mm Hg; p ¼ 0.021; and
DBP was reduced by 10.8 � 12.8 mm Hg; p ¼ 0.049 (all
Student’s t-test). There was no significant change
between 6-month BP and 2-year BP, showing that BP
improvement is attained relatively early following
surgery and is maintained long term. Right-sided
DRGS did not show the same reduction in BP param-
eters: MAP was increased by 1.4 � 5.8 mm Hg;
p ¼ 0.309; SBP was reduced by 1.8 � 4.0 mm Hg;
p ¼ 0.309; and DBP was increased by 3.0 � 8.5 mm Hg;
p ¼ 0.426 (all Student’s t-test).

Of particular note, 3 of our patients had a diagnosis
of hypertension prior to DRGS. All of these patients
underwent left-sided DRGS. All 3 achieved a reduc-
tion in BP such that their BP has now normalized, and
2 of the 3 are now no longer treated with antihyper-
tensive medications: Patient #1: pre-operative BP:
157/92 mm Hg, 2-year follow-up BP: 126/71 mm Hg;
Patient #2: pre-operative BP: 148/93 mm Hg, 2-year
follow-up BP: 106/59 mm Hg; and Patient #3: pre-
operative BP: 155/98 mm Hg, 2-year follow-up BP:
120/80 mm Hg.

CHANGE IN OPIOID USAGE. Opioid usage was
standardized by expressing each patient’s pre-
operative and long-term follow-up dosages as
morphine milligram equivalent (MME) dose
(Table 1). Mean MME reduced significantly from
87.6 mg pre-operatively to 49.9 mg post-operatively
(p ¼ 0.014, Wilcoxon signed rank test). The mean
reduction in MME was a reduction in dosage of
61%: 4 patients came off opioids altogether, with
only 1 patient having to start them, who was not on
them before intervention. Correlation analysis
shows that there is no correlation between the
change in opioid dosage and change in long-term
BP (Pearson product moment correlation: �0.257;
95% confidence interval: �0.71 to 0.34).
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DISCUSSION

Albeit previously a matter of debate in published re-
ports, it is now well-recognized that both frequency
and incidence of sympathetic outflow is increased in
conditions such as hypertension, severe congestive
heart failure, aging (19), and in chronic pain states
such as rheumatoid arthritis (20), and sympathetic
MRBA% has been shown to be a sensitive indicator of
cardiac sympathetic abnormalities (19). In this study,
using each patient as their own control subject, we
have demonstrated that DRGS (at the upper lumbar
levels L1 to L3) significantly reduces efferent sympa-
thetic nerve firing frequency and incidence in a
cohort of patients undergoing treatment for chronic
neuropathic pain. Whereas 2 subjects with cervical
stimulation had similar and concordant results, these
were not included in the statistical analyses as it is
likely that the mechanisms are different and the
numbers are too small to analyze. The variability in
MRBA% in our study is in line with previous findings
showing that relative burst amplitude may increase or
decrease in healthy subjects when given an acute
pain stimulus (21).

The lateralization of effect on MSNA and BP was an
unexpected and intriguing finding. Whether this is a
random phenomenon in the small cohort studied or a
real physiological phenomenon with important clin-
ical implications for the possibility of DRGS to reduce
BP remains to be determined. We found a significant
reduction in chronic BP with left-sided stimulation
only (despite pain relief with left- or right-sided
stimulation), implying that the reduction is inde-
pendent of pain relief.

It is a well-recognized fact that acute pain can in-
crease HR and peripheral resistance, and hence BP, by
activating the sympathetic nervous system through
recruitment of segmental spinal reflexes. Whether
such a relationship exists between chronic pain and
hypertension, which is of potentially great patho-
physiological and clinical interest, remains a matter
of debate.

It is worthy of note that the overall mean reduction
in SBP with left-sided stimulation is around
18 mm Hg, which is very similar in magnitude to that
obtained in the Rheos study, a randomized controlled
trial of carotid body stimulation to treat hypertension
(22). However, it should be noted that in our current
study, only 3 of 8 of these left-sided patients had a
pre-existing diagnosis of hypertension. The mean
reduction in SBP for the hypertensive patients was
36 mm Hg, which is nearly double that seen in the
Rheos study, and is maintained at 2 years unlike the
findings of the SYMPLICITY HTN-3 (SYMPLICITY
HTN-3 Renal Denervation in Patients With Uncon-
trolled Hypertension) trial of renal sympathetic
denervation (23).

The 3 patients with hypertension had a baseline BP
>140/90 and all reduced to the normotensive range at
6 months and at 2 years following surgery. One of
these patients remained on the same dose of lisinopril
throughout the study, although arguably may not
require it now, and the other 2 had ceased antihy-
pertensive medication prior to the study (but after
DRGS). Although this is an interesting finding, this is
a very small sample, and further work is necessary to
demonstrate that the reduction in BP is independent
of pain and/or pain relief and would require exam-
ining the effects of DRGS in a de novo hypertensive
model (or a patient with hypertension but not chronic
pain).

It has been shown previously that epidural spinal
cord stimulation (SCS) at the T5 to T6 level does not
lead to significant changes in MAP or HR, but dur-
ing sympathetic stress (a cold pressor test) stimu-
lation significantly increases MAP (24). However,
there is some controversy as other studies in ca-
nines and humans have shown a reduction in BP
with T5 to T6 epidural stimulation (25,26) and more
recently, a delayed reduction in MSNA has been
demonstrated (27). Foreman et al. (28) proposed
that intrinsic cardiac neuron activity is modulated
by SCS. Phillips et al. (29) have shown that, in pa-
tients with spinal cord injury, transcutaneous SCS
can reverse the orthostatic fall in BP and have
proposed an “autonomic neuroprosthesis.” It thus
appears that standard SCS may have a hypertensive
effect that is beneficial in spinal cord injury,
whereas DRGS has a hypotensive effect, and it is
likely that the mechanisms of BP change are
different for SCS and DRGS as they stimulate
different neural pathways.

Regarding the asymmetry of BP effect for DRGS,
injections into porcine inferior mesenteric ganglia
(the main output of sympathetic activity at L2 to L3)
show bilateral projections to DRG with no predomi-
nance of 1 side over the other (30). Similarly, C-fiber
activation is, to our knowledge, symmetrical. How-
ever, some degree of asymmetry has been discovered
at the T1 to T3 level, where microinjections of L-
glutamate into the intermediolateral cell column
causing increases in HR predominate on the right,
whereas injections into the left are more likely to
increase myocardial contractility (31). In humans, left
stellate ganglion block (C8, T1) increases HR, whereas
the right block does not (32).
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Furthermore, our findings of a differentiated
modulation of sympathetic outflow during deep brain
stimulation of the periaqueductal gray (12), showed a
reduction on MSNA BF and BP on the left side only,
raising speculation that lateralization exists in the
central nervous system, at least at the level of the
midbrain.

Electrical stimulation of the DRG may potentially
affect both autonomic fibers as well as C-fibers that
encode pain, and it has been shown that there may be
increased sympathetic-sensory coupling in patients
with chronic neuropathic pain (8) (i.e., increased pain
leads to increased sympathetic activity and vice
versa). Autonomic involvement in the generation and
propagation of pain pathways is not a new concept. It
was experimentally shown in rats in the early 1990s
that connections between autonomic and sensory
pathways are generated in the DRG following pe-
ripheral nerve injury (33).

In our study, reduction in MSNA was poorly
correlated with pain relief. It may be that MSNA
changes are more dynamic than changes in pain
perception when the stimulator is turned on, leading
to more rapid changes in MSNA compared with those
indicated by pain scores. It is unlikely that the dif-
ference is due to different latency of C-fibers and
sympathetic fibers as both respond to stimulation in
the millisecond range (4,34) and each of our ON and
OFF stimulation phase nerve recordings lasted for a
minimum of 15 min. Therefore, it would appear that
at least some of the MSNA effects are independent of
pain relief, indicating that stimulation is directly
influencing sympathetic fibers within the DRG. As
with BP effects, a nonpain model would be required
to confirm this hypothesis. It is of note that, in our
cohort, there was a significant reduction in opiate use
after DRG implantation. Whereas opiate doses did not
vary between ON and OFF stimulation phases during
MSNA recording, it is possible that changes in MME
could influence long-term BP changes. In general,
opiates are associated with reduction in BP (35),
although the effects of reduction in opiates on long-
term BP (and whether it would be expected to in-
crease) is not well researched, and there is even some
suggestion that long-term opioid usage could be
related to increased risk of cardiac-related adverse
events (36). However, the fact that opiate use and BP
were reduced in any case, adds credence to the hy-
pothesis that the reduction in BP was not related to
changes in opiate use.

To further elucidate spinal and/or supraspinal
mechanisms causing MSNA reduction, we calculated
baroreceptor sensitivity in both the ON and OFF
stimulation phases (Table 2, Figure 3). Carotid
baroreceptors are stretch receptors within the carotid
arteries in the neck, distension of which (due to
increased BP) causes a lowering of BP via a complex
reflex loop that travels via the brain stem cardiovas-
cular centers (37,38) and enables beat-to-beat control
of BP. We found that DRGS did not influence barore-
flex sensitivity, implying that the reduction in sym-
pathetic output is not via “higher” centers (i.e., does
not reach the medulla oblongata) and is likely either a
“spinal” or local peripheral mechanism. The DRG
(Figure 1A) is in the afferent part of the autonomic
reflex loop, and therefore any alteration to efferent
sympathetic activity is likely to include the spinal
cord at least at that segmental level. We think it is
unlikely that our electrodes are directly affecting
efferent activity in the ventral root because the
stimulation amplitude is generally <1 mA and current
spread beyond 1 to 2 mm from DRG is highly unlikely.
Whether altering activity at a specific level influences
other levels (either via spinal cord pathways or via the
sympathetic chain) is a matter for further investiga-
tion. The spinal cord provides sympathetic efferents
via the intermediolateral cell column that runs be-
tween the first thoracic (T1) and second lumbar (L2)
segments (39). At any given spinal level, sympathetic
afferents from both the periphery and the white
ramus communicans travel via the DRG into the
dorsal horn of the spinal cord (Figure 1A). Reflexes
may be segmental (at the same level) (40) or may
travel to other levels via propriospinal pathways (41).
Mid-thoracic spinal cord injury can lead to a debili-
tating (and even life-threatening) condition called
autonomic dysreflexia. Rabchevsky (42), using a rat
model of spinal cord injury, found that impeding C-
fiber sprouting using the chemorepulsive agent sem-
aphorin A mitigated the increased sympathetic ac-
tivity associated with autonomic dysreflexia and that
this effect is associated with an increase in ascending
propriospinal neurons. If DRG electrical stimulation
of C-fibers has a similar neurophysiological effect to
impeding sprouting, it would suggest that our results
may, at least in part, be related to C-fiber suppression
and supports the notion that our findings are not
segmental but involve higher levels of the spinal
cord. However, this will require further studies.

In this study, we used the subject’s usual stimu-
lation parameters (or 90% paresthesias threshold),
with frequency of 20 Hz. We have not explored the
effects of different parameters such as alternative
frequencies and stimulation patterns. In SCS, “burst”
stimulation has been shown to produce superior re-
sults pertaining to analgesia (43). If we are going to
explore DRGS as a potential treatment for autonomic
control of pain, exploration of parameters that



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: He-

modynamic variables can be affected by manipulation

of the autonomic nervous system. There is complex

interplay of the central autonomic nervous system in

the telencephalon and brain stem, all the way down to

the peripheral nervous system via the spinal cord and

sympathetic chain. These reach end organs such as the

heart, blood vessels, and adrenal glands, and so play a

critical role in hemodynamic homeostasis.

TRANSLATIONAL OUTLOOK: The DRG relays

autonomic fibers and so may be a target for surgical

manipulation of otherwise treatment-resistant hy-

pertension. This is likely to be by disruption of the

sympathetic pathways to end organs, either directly,

or via the intermediolateral cell column of the spinal

cord. This type of surgical intervention is safe and

reversible.
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optimally modulate the DRG (either up or down) and
affect autonomic control of pain specifically (rather
than analgesia) will be necessary.

STUDY LIMITATIONS. This study is limited by sample
size, dependent on availability of patients. Moreover,
this is a heterogeneous group. We have assumed that
MSNA recordings reflect bilateral changes in efferent
sympathetic activity and all except 1 MSNA recording
were unilateral. However, 1 recording was bilateral,
revealing no differences in outflow between the right
and left.

A further limitation is that the numbers are too
small to compare the effects of stimulation of
different spinal DRG levels. It is likely that the
mechanisms differ depending on level (e.g., C7, C8–
T1 affecting cardiac function directly, T11-L1 affecting
renal function and other levels producing peripheral
vasodilatation). Therefore, further work should
include larger studies looking at each level with
assessment of end organs such as cardiac activity,
acute renal function, and peripheral blood flow.

Whereas it is not appropriate to perform a correc-
tion for multiple comparisons (we were comparing
separate relationships between independent and
dependent variables and were not looking at a uni-
versal H0), we acknowledge that there is a risk of
false-positive results. This comes not from perform-
ing multiple tests for our study, but because we are
looking at 3 separate relationships within the same
small sample of which ideally a larger sample size
would be better (e.g., 15 patients per relationship).
However, simply the nature and complexity of data
collection, along with the rarity of DRG implantation,
would make attaining large sample sizes not feasible
and not timely. However, within our data there is
plenty of evidence of scientific causality: such as the
temporal relationship between stimulation and BP
reduction (BP only reduces after stimulation is turned
ON); the size of the effect that is comparable with
medications; the specificity to the left side suggesting
a specific mechanism.

CONCLUSIONS

We have shown, in a cohort of patients with chronic
pain, that DRGS reduces efferent sympathetic activity
and also reduces long-term BP. Furthermore there
appears to be a lateralizing phenomenon that war-
rants further investigation.

To study the effects of DRGS on BP, it is necessary
to remove the confounding factor of chronic pain and
study DRGS in the context of de novo hypertension,
cardiac failure, and other autonomic conditions.
Therefore, large animal studies may be necessary
prior to human studies. These results, however, open
up the possibility of using DRGS to treat cardiovas-
cular conditions.
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